Citrus tristeza virus (CTV), a member of the Closteroviridae, is one of the more economically important plant viruses, mainly because of the severity of the damage that it causes and the high value of individual citrus trees, which have a productive life that spans up to 100 years (4) . CTV phenotypes have been characterized based on symptoms produced in a range of hosts. Generally, CTV induces two types of severe phenotypes in the field: decline, which consists of the rapid death of sweet orange [Citrus sinensis (L.) Osb.] trees on sour orange [C. aurantium (L.)] rootstock, and stem pitting, which reduces vigor and yield of sweet orange and grapefruit (C. paradisi Macf.) trees on any rootstock (4) . During the last century, CTV has destroyed entire citrus industries in several countries, thus, the name tristeza (Portuguese for sadness). However, some isolates are mild, essentially symptomless, in citrus hosts (4) . Historically, when the efficient aphid vector (Toxoptera citricidus Kirkaldy) is present, more damaging phenotypes of CTV tend to become prevalent (37) . It is not known whether this finding results from an accumulation of mutations in the viral genomes or from shifts in population structure. A better understanding of this phenomenon would be valuable in the design of disease management strategies. Genetically engineered mild-strain cross protection and RNA-mediated transgenic resistance, two strategies being considered, require targeting of specific CTV sequences. If the virus changes rapidly, these approaches could lose effectiveness during the life expectancy of a citrus tree. Little is known about the rates of evolution of closteroviruses.
It is well known that RNA viruses are capable of rapid evolution (9) . RNA replication is error prone (12) . Thus, a strain consists of a swarm of sequence variants around a consensus sequence (i.e., quasispecies) (11) . Additionally, recombination can occur, producing defective RNAs (dRNAs) and possibly chimeric genotypes (24, 41) . While these two processes increase population diversity, different selection pressures and bottlenecks may reduce it (10) . RNA viruses undergo substantial changes through these processes. A major question for any given virus is, what is the time scale? Some viral populations, such as human immunodeficiency virus or influenza virus, are notorious for sequence changes within short time periods (14, 18) . However, the potential for variation does not necessarily ensure rapid changes. Tobamoviruses and tymoviruses are thought to have evolved much more slowly (5, 15, 17, 35, 36, 42) . It has been argued that the time period of evolution of these viruses has paralleled the evolution of the host plants (17) .
CTV has a single-stranded, positive-sense RNA genome of 19.3 kb, encapsidated in filamentous flexuous particles that are assembled with two coat proteins, of 25 and 27 kDa (4, 13). The CTV genome consists of 12 open reading frames (ORFs), in addition to a nontranslated region (NTR) at each terminus (Fig. 1A) . The 10 3Ј-proximal ORFs are translated from 3Ј coterminal subgenomic mRNAs. ORF 1 (replicase) is translated from the genomic RNA into a 349-kDa polyprotein (ORF 1a) that is thought to occasionally continue through a ϩ1 ribosomal frameshift into the RNA-dependent RNA polymerase-like (RdRp) domain (ORF 1b) (22) .
Most CTV isolates are mixed populations of numerous different genotypes (3) and dRNAs (1, 26, 28) . However, some CTV isolates consist principally of one genotype, having minor concentrations of other genotypes (3). Complete genomic sequences of four CTV isolates from different geographic areas and inducing different phenotypes in Citrus have been determined. These include one from a heterogeneous CTV isolate (a sweet orange stem pitting and decline isolate, SY568, imported into California [47] ) and three from relatively homogeneous CTV isolates (a severe decline isolate, T36, from Florida [22, 34, 40] , a grapefruit stem pitting and decline isolate, VT, from Israel [27] , and an essentially symptomless isolate, T385, from Spain [46] ) (Table 1) . These CTV genomic sequences differ markedly, with as little as 50 to 80% nucleotide identity in much of the genome (27, 46) . In addition, while the identity between some sequences is nearly uniform throughout the genome, the identity of other sequences is asymmetrical and progressively decreases toward the 5Ј terminus to as little as 42% within the 5Ј NTR (25, 27, 46) . Additionally, recombination also may be frequent, based on the many dRNAs present in most populations (28) . Likewise, it has been suggested that the asymmetrical diversity of the T36 genotype resulted from recombination between CTV and a different closterovirus (27) . Thus, the products of evolution of CTV are among the most diverse of the RNA viruses.
In this paper, we report that the complete genomic sequences of the major component of CTV isolates T30 from Florida and T385 (46) from Spain, which have been maintained in isolation in different environments for at least 24 years and probably for more than 100 years, are essentially identical. Additionally, sequence samples of hypervariable regions of the CTV genome from three other isolates biologically similar to T30 and T385 and also separated by time and space CTV isolates B252, B272, and B354 were obtained from a collection of exotic citrus pathogens maintained at the quarantine facilities of the U.S. Department of Agriculture in Beltsville, Md. Isolate B252 was collected by H. J. Su in 1990 from an originally virus-free Ponkan mandarin tree (C. reticulata Blanco) that had been planted 2 years earlier in a commercial citrus region near Hsinchu (Taiwan). Isolate B272 was collected from a 20-year-old sweet orange tree on a sour orange rootstock from northern Colombia in 1991. Isolate B354 was collected from a naturally infected tree from the central valley of California in 1993. A pool of Mexican lime or sweet orange tissue infected with B252, B272, or B354 was used for CTV cDNA cloning purposes. The virus isolates used for sequence comparisons are shown in Table 1 .
CTV T30 genome cloning and sequencing. Random cDNA clones (Fig. 1B ) from CTV isolate T30 were obtained from viral dsRNA purified from young bark tissue (31) . T30 dsRNA was separated by electrophoresis in a 5% polyacrylamide gel, and the band containing the replicative form of the genomic RNA was excised under UV light, extracted overnight with (1:1) 0.5ϫ TBE (4.45 mM Tris, 4.45 mM boric acid, 1 mM EDTA [pH 8.0])-buffer-saturated phenol, ethanol precipitated, and denatured by treatment with methylmercuric hydroxide (38) . Genomic T30 dsRNA was polyadenylated using yeast poly(A)-polymerase (U.S. Biochemicals) and primed with an oligo(dT) primer containing an XhoI site (M-111) (20) . Single-stranded cDNAs of both polarities were synthesized using avian myeloblastosis virus reverse transcriptase (Life Technologies) according to the supplier's instructions. For PCR amplification of T30 cDNA, Taq DNA polymerase (Promega Corporation) and the M-111 primer, which served as the forward and reverse primer, were used under standard conditions. PCR-amplified cDNA was digested with XhoI and ligated into XhoI-digested pGEM-7fZ (Promega). Sequencing of oligo(dT)-primed random cDNA clones was carried out on both strands using universal forward and reverse primers and a T7 Sequenase sequencing kit (U.S. Biochemicals) according to the manufacturer's recommendations. The sequences obtained were mapped in the CTV genome by comparison with T36 (22) and VT (27) sequences.
In order to obtain a set of overlapping reverse transcription (RT)-PCR cDNA clones covering the entire genome of T30 (Fig. 1B) , T30-specific forward and reverse primers were designed based on sequences obtained from the oligo(dT)-primed random cDNA clones ( Table 2 ). The forward primer and the reverse primer containing the exact 5Ј (C198) and 3Ј (C118) terminal sequences (Table  2) , respectively, were designed based on the sequence of a dRNA naturally occurring in isolate T30 (M. Mawassi, unpublished data). Primers C257 and C258 (Table 2) were designed based on the sequence of the T30 clone T308 (20) . Genomic T30 dsRNA was denatured as indicated above and reverse transcribed using Superscript II reverse transcriptase (Life Technologies) and T30-specific reverse primers (Table 2) , following supplier recommendations. Eight overlapping T30 cDNA fragments (Fig. 1B) were amplified using Vent DNA polymerase (New England Biolabs) and T30-specific forward and reverse primers ( Table 2 ).
Annealing and elongation times were standardized for each pair of primers and specific DNA product. PCR products were cloned into pGEM-7fZ or pUC119 using the restriction sites indicated in Table 2 and standard cloning techniques (38) . Sequencing of cloned RT-PCR products was performed with an automatic sequencer (Applied Biosystems model 373) at the Interdisciplinary Center for Biotechnology Research DNA sequencing core facility of the University of Florida, Gainesville.
Cloning and sequencing of B252, B272, and B354 cDNA fragments. dsRNA was extracted (31) from citrus bark tissue infected with isolate B252 from Taiwan, B272 from Colombia, or B354 from California. Two independent cDNA clones ( Fig. 1C) were synthesized by RT-PCR with Superscript II reverse transcriptase and a proofreading thermostable polymerase (Pfu Turbo; Stratagene) by using the primers listed in Table 2 . The sequences for variable regions I, II, and III were obtained from CTV cDNA clone A, and those for variable region IV were obtained from CTV cDNA clone B (Fig. 1C) . A and B cDNA fragments were cloned in NotI/SmaI-digested pUC119 and SmaI-digested pGEM-7fZ, respectively. Sequencing of these cDNA clones was carried out using an automatic sequencer as indicated above.
Nucleotide and amino acid sequence comparisons. The Genetics Computer Group package (8) programs SEQED to edit sequences, GAP to compare nucleotide and amino acid sequences, and TRANSLATE to obtain amino acid sequences were used for sequence analysis. Multiple sequence alignments were performed using the ClustalW program (45) , and sequences were assembled using the DNA STRIDER program.
Nucleotide sequence accession numbers. The complete nucleotide sequence of CTV isolate T30 was deposited in the GenBank database under accession no. AF260651. CTV nucleotide sequences for regions I, II, III, and IV of isolates B354, B272, and B252 were deposited in the GenBank database under accession numbers AF260652 to AF260663.
RESULTS

Comparison of the complete genomic sequences of CTV isolates T30 (Florida) and T385 (Spain).
It is not known whether the symptoms induced by a CTV isolate in citrus plants are induced by the predominant genomic sequence, the viral population, a combination of genomic RNAs and dRNAs, or other factors. The genomic sequences available at the moment correspond to isolates inducing different phenotypes. To examine whether different isolates inducing similar phenotypes might also have similar sequences, the complete sequence of the mild CTV isolate T30 (from Florida) was determined and compared to the sequence of the Spanish mild CTV isolate T385 (46) . Neither isolate induces noticeable symptoms in field trees, and they cause only inconspicuous symptoms in sensitive indicator plants (Mexican lime). T30 and T385 have been separated from each other for a long time, as the T30 parental strain was imported into Florida via infected budwood more than 100 years ago and, to our knowledge, there was no citrus trading between Spain and Florida. Presently, T30 is representative of one of the two predominant Florida CTV strains. T30-like genotypes have been spread in the field by graft and aphid transmission, thereby becoming endemic in most commercial citrus groves. In addition, T30 and T385 were placed in isolation in greenhouses in different countries in 1976 and 1982, respectively, and were exposed to different sequences of Fig. 1B . Random cDNA clones were generated by polyadenylation of genomic dsRNA and RT with oligo(dT) as a primer (Fig. 1B) . Sequences obtained from these random cDNA clones were mapped in relation to the T36 and VT genomes and were used to generate a set of T30-specific primers (Table 2 ). These primers were used to amplify eight overlapping RT-PCR cDNA fragments that covered the entire T30 genome (Fig. 1B) .
Analysis of the resulting complete T30 sequence revealed a genome organization (Fig. 1A) identical to that reported for the other CTV sequences (T36 [22] , VT [27] , T385 [46] , and SY568 [47] ). Nucleotide sequence alignment (Table 3 ) of the genome of T30 with those of T36, VT, SY568, and T385 revealed that in contrast to the high sequence variability found between the T30 and the T36, VT, and SY568 genomes, the T30 genome was nearly identical to that of T385 (Table 3, roman boldface values). The genomic RNAs of both isolates were the same size (19,259 nucleotides [nt]), and their mean nucleotide identity was 99.3%. The identities between the different ORFs ranged from 98.7% to 100%. Their 3Ј NTRs were 99.6% identical, and their 5Ј NTRs were 96.3% identical (Table 3, roman boldface values). Compared to T36, VT, and SY568, T30 had the same nucleotide insertions and deletions and similar patterns of nucleotide variability throughout the genome as T385 (data not presented). Nucleotide differences between T30 and T385 were constant throughout the genomes (71 and 72 differences in the 3Ј and 5Ј halves of the genomes, respectively), whereas sequence differences were greater in the 5Ј halves of the genomes of other CTV genotypes ( Table 3) . The similarity between the predicted amino acid sequences of T30 and T385 ranged from 98.6% (p23) to 100% (p20, p6, and RdRp domain in ORF 1) ( Table 3 , roman boldface values). Analysis of the amino acid sequences indicated that 52.9% of the nucleotide changes were silent, 41.2% encoded similar amino acids, and only 5.9% encoded dissimilar amino acids (in p23, p33, and ORF 1a proteins).
Comparison of additional mild CTV sequences to the CTV T30 sequence. The homology between the complete sequences of CTV isolates T30 and T385 was greater than expected. To examine whether there were other CTV isolates highly similar to T30, we examined isolates B252, B272, and B354, which induce the same phenotype as T30. These isolates originated from different environments and were thought to have been separated for a long time. B252 has its origins in the first importation of Citrus and CTV isolates to Taiwan from mainland China 100 to 500 years earlier. There has been no known movement of citrus into or out of this area since that time. B272 was collected in an area of Colombia where the citrus bud wood is thought to have been imported from Spain more than 20 years earlier. B354 was found in a Californian citrus field into or out of which there has been no known movement of citrus during the past 60 years.
Four hypervariable CTV genome regions, based on the T36, T385, and VT sequences, were chosen for sequence comparison (Fig. 1C) . These regions were cloned and sequenced from dsRNA of isolates B252, B272, and B354 and compared with those of T30, T385, VT, and T36 (Table 1 and Fig. 2) .
Variable region I (108 nt), which comprised the 5Ј NTR (Fig. 1C) , is the most variable region among reported CTV sequences (25, 46) (Table 3 , underlined values). T30 had 41.1% identity (43 nucleotide differences, six gaps, and four insertions) and 70.2% identity (23 nucleotide differences, four gaps, and three insertions) with T36 and VT, respectively, in variable region I (Fig. 2A) . However, B252, B272, and B354 had two to four nucleotide differences relative to the sequences of T30 and T385 (with identities ranging from 97.2% to 99.1%) (Fig.  2A) . Moreover, the 5Ј NTR sequences of B354 (California) and B252 (Taiwan) were identical ( Fig. 2A) .
Variable region II included the first 234 nt of ORF 1a (Fig.  1C) . In this region, T30 had 72.24% identity (59 nucleotide differences and one insertion) and 92.2% identity (18 nucleotide differences and one insertion) with T36 and VT, respectively (Fig. 2B) . In contrast, the variable region II sequence of B252 was identical to that of T30 and the variable region II sequence of B272 was identical to that of B354. The single nucleotide change observed between the T30 (or B252) and B272 (or B354) sequences was silent. Maximum differences (2 nt) occurred between T385 (Spain) and T30 (Florida) or B252 (Taiwan) (Fig. 2B) . One of these nucleotide changes was silent, whereas the other resulted in a change to a codon for a dissimilar amino acid.
Variable region III is located between nt 3324 and 3706 of the T30 genome, consisting of part of the putative methyltrans- ferase domain (Fig. 1C) . Nucleotide identities of T30 compared to T36 and VT were 81.2% (74 nucleotide differences and one deletion) and 90.3% (39 nucleotide differences), respectively (Fig. 2C) . Alignment of this region between paired B252, B272, B354, T30, and T385 isolates showed identities of 98.3 to 99.7%. Maximum differences occurred between T30 (Florida) and the other four isolates, differing by 5 or 6 nt (Fig.   2C ). Minimum differences were found between B354 (California), B252 (Taiwan), B272 (Colombia), and T385 (Spain), differing by 2 or 3 nt (Fig. 2C) . Ten nucleotide differences were found in total. Six of them were silent, two resulted in changes to codons for similar amino acids, and two resulted in a change to a codon for a dissimilar amino acid. Variable region IV is located from nt 8265 to nt 8627 of the In all panels, nucleotide differences in aligned sequences are showed in boldface. ϩ, nucleotide differences between T30 and the mild CTV isolates T385, B252, B272, and B354; ‫,ء‬ nucleotide differences between T30 and severe isolates T36 and VT.
T30 genome, in the helicase-like domain (Fig. 1D) . In this region, nucleotide identities between T30 and T36 or VT were 75.5% (85 nucleotide differences, one deletion, and one insertion) and 93.9% (22 nucleotide differences), respectively (Fig. 2D) . Region IV also was the area of lowest nucleotide identity between T30 and T385 (97.5% identity). Yet, only two of the nine nucleotide changes resulted in dissimilar amino acid changes, and the other seven were silent. Variable region IV sequences from B252, B272, and B235 cDNA clones were identical to the T30 sequence (Fig. 2D) .
Total nucleotide identities of variable CTV genome regions I to IV among B354 (California), B252 (Taiwan), B272 (Colombia), and T30 (Florida) ranged from 98.3% to 100%, demonstrating genomic variability in the same range as that for T30 and T385 (97.5 to 98.4% identity).
T30 viral quasispecies variation and comparison with T30
, T385, B252, B272, and B354 sequence variability. T30 and T385 complete sequences and B354, B252, and B272 sequence samples were nearly identical. To assess whether the level of divergence between these mild isolates was within the range of variation present in a CTV quasispecies, we examined the population variability of isolate T30.
The sequences of 22 oligo(dT)-primed random cDNA clones which mapped to nine different regions in the CTV genome and the T30 cDNA clone (T308) previously obtained (20) (Table 4) were compared with the homologous sequence in the eight RT-PCR cDNA clones that comprised the T30 genomic sequence (Fig. 1B) (Table 4 ). The random cDNA clones plus the T308 cDNA clone covered 3,704 nt, corresponding to 19% of the CTV genome. These comparisons revealed nucleotide (Table 4) . Most of the nucleotide changes were silent (30%) or encoded similar amino acids (60%). Additionally, overlapping sequences of oligo(dT)-primed cDNA clones (B10 and B18F; R3, R10, and R11; and R20 and R6) ( Table 4) were 98 to 100% identical (data not shown). Likewise, overlapping regions between neighboring RT-PCR cDNA clones (between 30 and 100 nt) were also identical (data not shown).
The small amount of sequence divergence between paired T30 cDNA clones indicated that the T30 population is principally composed of one genotype. The number of samples used to examine the sequence variability within the viral variants of the T30 population was small but sufficient to provide an estimate of 0.5% nucleotide variability. A comparison of the T30 and T385 genome sequences yielded 0.7% nucleotide variability. Comparisons between T30, B252, B272, and B354 sequences in the most divergent regions of the CTV genome (Fig. 2) yielded 0.4 to 0.8% nucleotide variability. These data show that the variation between the complete sequences of T30 and T385 and the sequence samples of B252, B272, and B354 (less than 1% nucleotide variability) was similar to the sequence variation for the genomic variants of isolate T30.
DISCUSSION
The high degree of variability found between CTV genotypes, up to 20 to 60% nucleotide differences throughout the 5Ј half of the genome plus a large number of deletions and insertions (27, 46) , demonstrates that sequence divergence of the CTV genome has been extensive. Furthermore, CTV population structures are complex, and the apparent prevalence of recombination based on the omnipresence of multiple dRNAs (1, 26, 28) provides more opportunity for change. Surprisingly, we found that the consensus sequence of CTV T30 from Flor-
ida was nearly identical to that of CTV T385 from Spain. This result was not expected, since T30 and T385 were geographically isolated in different environments for at least 24 years and likely for more than 100 years, with aphids mixing different local populations of CTV variants. This striking similarity between distant CTV genotypes was extended by sampling hypervariable regions within the genomes of CTV isolates from Taiwan, Colombia, and California, which also were almost identical to the T30 genome. Another example of remarkable similarity between CTV isolates was recently reported (46) for a portion of the sequence of isolate SY568 (47) . This virus was introduced into the citrus variety collection at the University of California, Riverside. A 6-kb central region of the SY568 genome, between the RdRp domain in ORF 1 and the p27 ORF, was 99.1 to 100% identical to the T30 genome (Table 3 , italic values), although the rest of the sequence was more divergent from the T30 sequence; these findings support the hypothesis of Vives et al. (46) that SY568 probably resulted from recombination between two different genotypes. Furthermore, these data indicate the presence of a genotype almost identical to that of T30 and T385 in the original citrus host.
It should be noted that all of these isolates were chosen because of their similar mild phenotypes. However, it is likely that there are other strains of CTV with similar mild phenotypes but with divergent sequences, and there is evidence that there are isolates with similar predominant genotypes but with severe phenotypes (M. E. Hilf, unpublished results).
The absence of proofreading in the viral RNA polymerases (12) is thought to generate mutant genomes making up the viral quasispecies distribution (11) . Pairwise comparisons between independent cDNA sequences from the T30 population provided an estimate of 0.5% nucleotide variability. This degree of nucleotide variability was supported by similar measurements within other CTV populations (3) and between CTV dRNAs and their helper (26) . It also falls within the range of nucleotide variability of the quasispecies distribution in other RNA viruses (2, 6, 14, 19, 39, 44) . Comparisons of the genomic sequence of T30 with those of four other mild isolates revealed that in spite of these isolates being separated in time and space, the nucleotide sequence variability was less than 1% and within or near the range of variability in the T30 population. Thus, the exceptional similarity of these five mild isolates suggests that they could be considered variants of the same CTV genotype.
Although a great capacity for rapid evolution is a common feature of RNA viruses (9) , there are examples of genetic stability in viral RNA populations (19, 21, 23) . Some of the more stable examples are the putative "rapidly evolving" viruses, such as vesicular stomatitis rhabdovirus (33, 44) and a strain of H1N1 influenza A orthomyxovirus (32) that were nearly identical after 500 passages and 27 years, respectively. Other examples of high genetic stability are found within the plant viruses tobacco mild green mosaic tobamovirus (16) and turnip yellow mosaic tymovirus (5, 42) , which were reported to be nearly identical after 100 years and 13,000 to 14,000 years, respectively. This genetic stability has been explained as a consequence of strong selection and competition between the mutants that arise in each replication cycle, creating an equilibrium in the viral quasispecies distribution (11) . However, viral populations are dynamic. Founder effects or bottlenecks can allow newly arising mutants to shift the quasispecies distribution, promoting rapid evolution (7, 43) . CTV genotypes were dispersed to different environments around the world by vegetative propagation of citrus. Additionally, different CTV genotypes were further spread and mixed by graft and aphid transmission, which may create bottlenecks (1, 29) allowing minority viral variants (sometimes, the most virulent ones [30] ) to become prevalent in CTV populations (37) . These continuous changes in selective pressures probably have accounted for much of the variation between and within other CTV isolates.
The remarkable sequence similarity of these five CTV isolates could have resulted from any of a number of possibilities. One is that all five isolates converged to a similar sequence as a result of host selection. However, several studies of CTV populations have indicated that unrelated CTV sequences can coexist in the same area, same host, and same environment. For example, T30-and T36-like genotypes are endemic in the same citrus areas in Florida and differ greatly in symptoms induced and genome sequences. In fact, most CTV isolates contain minor components of disparate sequences (3, 30) . Thus, it appears unlikely that selection was sufficiently strong to cause convergence of these five CTV isolates within relatively short periods of time. Since the only natural host for CTV is citrus, a more likely possibility is that these isolates evolved in one of the native citrus parents at its point of origin in Asia and were dispersed around the world with citrus budwood within the last 200 years. The fact that all five isolates are essentially invisible (nonsymptomatic) in infected trees would have aided this spread. This hypothesis is supported by the fact that most of the nucleotide changes in the five CTV isolates were silent or resulted in changes to codons for similar amino acids, suggesting that this CTV genotype is well adapted to the citrus environment and perhaps has changed little since exportation from its origin in the last several hundred years. Since there are at least four progenitor species that are thought to be the origin of all of the current varieties in agriculture, it is possible that the divergent CTV strains evolved in different progenitors prior to citrus agriculture. If other CTV genotypes have remained stable over time, it should be possible to trace isolates with similar sequences to their original sources. From 
